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ABSTRACT 

//a3 
A quasi-s ta t ionary co-rotat ing s t ruc ture  i n  t h e  in te rp lane tary  magnetic 

f i e l d  has been observed with t h e  IMP-1 s a t e l l i t e  during 3 so la r  ro t a t ions .  

The in te rp lane tary  f i e l d  i s  d i rec ted  predominantly away from the  sun f o r  

2 / 7  of  a ro ta t ion ,  then toward the  sun f o r  2 / 7  of a ro t a t ion ,  then away 

from t h e  sun fo r  2/7 of a ro t a t ion ,  and f i n a l l y  toward the  sun f o r  1/7 of 

a r o t a t i o n .  The in te rp lane tary  magnetic f i e l d  magnitude and the  solar 

wind ve loc i ty ,  densi ty  and flux a re  discussed with regard t o  t h i s  sec tor  

s t r u c t u r e .  A s  t he  s t ruc tu re  r o t a t e s  p a s t  t he  ea r th  once every 27 days it 

inf luences geomagnetic a c t i v i t y  and cosmic ray densi ty .  

of protons of a few MeV energy is  almost e n t i r e l y  contained within one 

A recurr ing stream 

sec to r .  The so la r  source of the  recurring geomagnetic storm of December 2,  

1963 i s  associated with a ghost Unipolar Magnetic Region i n  the  

sphere.  
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A Quasi-Stationary Co-Rotating Structure  i n  the  In te rp lane tary  Medium 

John  M .  Wilcox 

Space Sciences Laboratory 

University of Cal i forn ia  

Berkeley, Cal i forn ia  

and 

Norman F.  Ness 

Goddard Space F l igh t  C e n t e r  

G r e e n b e l t ,  Maryland 

INTRODUCTION 

A quasi-s ta t ionary co-rotating s t ruc tu re  has been observed i n  the  

in te rp lane tary  magnetic f i e l d  w i t h  t he  magnetometer experiment on the  

IMP-1 s a t e l l i t e .  

t he  in te rp lane tary  medium f o r  3 solar ro t a t ions  the rea f t e r .  The s a t e l l i t e  

o r b i t  was highly e l l i p t i c a l  w i t h  t h e  apogee b e i n g  a t  31.7 earth rad i ' i .  The 

f l u x  ga te  magnetometers gave a vector measurement of the  magnetic f i e l d  

every 20 seconds with an accuracy of 2 1/4 7 (1 = gauss).  Further 

d e t a i l s  of t h i s  experiment have been published by Ness, e t  aL(1964). 

This s a t e l l i t e  was launched November 27, 1963 and observed 

A n  in te rp lane tary  magnetic f i e l d  s t ruc tu re  suggested by the  magneto- 

meter observations i s  shown i n  t h e  inner  p a r t  of Figure 1. The observed 

d i r e c t i o n  of t he  in te rp lane tary  f i e l d  i s  on t h e  average cons is ten t  with t h e  

Archimedian spiral p i c t u r e  predicted by Parker (I-958), but  t he  sense of t he  

f i e l d  (toward the  sun o r  away f rom t h e  sun) changes from t i m e  t o  time. For 

about 2/7 of the  t o t a l  circumference the  f i e l d  i s  d i rec ted  away from the  sun, 



f o r  t h e  next 2/7 toward t h e  sun, f o r  the  next 2/7 away from t h e  sun, and f o r  

t h e  l as t  1/7 t h e  f i e l d  i s  again toward the  sun. The p a t t e r n  co-rotates  with 

the  sun as was suggested by Ahluwalia and Dessler (1962). 

shown i n  Figure 1 r o t a t e  p a s t  t he  ear th ,  systematic changes can be observed 

i n  the  in te rp lane tary  f i e l d  magnitude, t h e  so l a r  wind ve loc i ty  and densi ty ,  

t h e  geomagnetic a c t i v i t y  index Kp, and cosmic ray  i n t e n s i t y .  

s i t u a t i o n  shown i n  Figure 1 the  s o l a r  wind plasma ve loc i ty  i s  r a d i a l  while 

t h e  in te rp lane tary  f i e l d  l i n e s  are twis ted  i n t o  Archimedian s p i r a l s .  

As t h e  sec to r s  

I n  t h e  idea l ized  

METHOD OF ANALYSIS 

The observed d i s t r i b u t i o n  of i n t e rp l ane ta ry  magnetic f i e l d  d i r ec t ions  

i s  shown i n  Figure 2 with t h e  f i e l d  being averaged every 5.46 minutes. 

l e f t  hand side of t he  f igu re  shows the  component p a r a l l e l  t o  t he  e c l i p t i c  

plane.  

c i r c l e .  It can be seen t h a t  t he  ac tua l  d i s t r i b u t i o n  i s  s t re tched  out d o n g  

d i r ec t ions  predicted by the  Archimedian s p i r a l  model. 

t o  Figure 2 except t h a t  t h e  average i s  taken over 3 hours. 

deviat ions about the  streaming angle a r e  thereby averaged out and t h e  resultant 

d i s t r ibu t ion  of d i r ec t ion  i s  even more s t r e t ched  out  d o n g  t h e  d i r ec t ions  

pred ic ted  by the  s p i r a l  model. 

Figure 2 represent an in te rp lane tary  f i e l d  t h a t  i s  predominantly d i r ec t ed  

away from the sun, while t he  d i r ec t ions  l abe led  "negative" represent  an 

interplanetary f i e ld  t h a t  i s  predominantly d i r ec t ed  toward t h e  sun. 

The 

An i so t ropic  d i s t r i b u t i o n  of vec tors  would r e s u l t  i n  t h e  dashed 

Figure 3 i s  similar 

Some of the  

The d i r ec t ions  labe led  "posi t ive"  i n  

Each 
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3 hour per iod of time has been assigned a p lus  s ign or minus s ign  depending 

upon the  predominant d i r ec t ion  of t h e  in te rp lane tary  f i e l d  within t h a t  

i n t e r v a l .  

and 5 which show t h a t  within a given 3 hour period t h e  f i e l d  d i r ec t ion  i s  

usua l ly  confined e n t i r e l y  t o  e i t h e r  the p o s i t i v e  range of d i r ec t ions  o r  

t h e  negative range of d i rec t ions .  

magnetic f i e l d  da ta  obtained on January 2 1  and 22, 1964. 

present  considerations i s  t h e  angle $ which i s  defined t o  be zero i n  t h e  

earth-sun d i rec t ion ,  as shown i n  Figure 2 

i n  Figure 2 i s  indicated i n  Figure 4 with a p lus  sign and the  range of 4 
l abe led  "negative" i n  Figure 2 i s  indicated i n  Figure 4 with a minus s ign.  

It can be seen t h a t  t he  f i e l d  d i rec t ion  remained within the  pos i t i ve  i n t e r v a l  

(away from t h e  sun) during each of the 3 hour i n t e r v a l s  shown i n  Figure 4.  

Figure 5 is  similar t o  Figure 4 and shows in te rp lane tary  f i e l d  da ta  obtained 

on January 7, 1964. During most of t h i s  i n t e r v e l  t he  f i e l d  i s  d i rec ted  away 

from t h e  sun, but  near t h e  end of the  f igu re  the  f i e l d  d i rec t ion  abrupt ly  

changes t o  being toward the sun. This represents  a boundary between two 

sec to r s .  The change of d i rec t ion  occurs between one 5.46 minutes poin t  and 

t h e  next ;  therefore  the  boundary between the  sec to r s  i s  very narrow. 

sec to r s  co-rotate  with the  sun and therefore  have an azimuthal ve loc i ty  a t  

t h e  d is tance  of t he  ea r th  of 440 km per second. Thus the  upper l i m i t  of 

5.46 minutes f o r  a sec tor  boundary t o  sweep pas t  the  ea r th  represents  an 

upper l i m i t  of about 

The v a l i d i t y  of t h i s  descr ipt ion can be judged from Figures IC 

Figure 4 i s  a sample of t he  in te rp lane tary  

O f  i n t e r e s t  f o r  t h e  

The range o f f  labeled "posit ive" 

The 

148,000 km for the thickness of the  sector  boundary. 

The p lus  and minus s igns a t  t h e  perimeter of Figure 1 are  a representa- 

t i o n  of the  d i r ec t ion  of t he  interplanetary f i e l d  i n  successive 3 hour 

i n t e r v a l s .  

follow along i n  a clockwise direct ion.  

The pos i t i on  of o r b i t  number 1 i s  indicated and the  other  o r b i t s  

For a per iod of about 1 day centered 
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about each per igee pass ,  t he  s a t e l l i t e  i s  within the  region influenced by 

the  geomagnetic f i e l d  so t h a t  in te rp lane tary  measurements cannot be made. 

The resu l t ing  gaps i n  the  data can be seen i n  Figure 1. For the  most p a r t  

t he  sector  s t ruc tu re  ind ica ted  a t  t he  center  of Figure 1 agrees very wel l  

with t h e  observations a t  t he  perimeter of Figure 1; i . e .  a sec to r  with t h e  

arrow indicat ing in te rp lane tary  f i e l d  d i rec ted  predominantly away from the  

sun is occupied almost e n t i r e l y  by p lus  s igns a t  the  perimeter and s imi l a r ly  

a sec to r  with the  arrow indica t ing  f i e l d  d i r ec t ed  toward t h e  sun i s  occupied 

almost e n t i r e l y  by minus s igns  a t  t h e  per imeter ,  The f i rs t  o r b i t  represents  

an exception t o  the  proposed sec tor  s t ruc tu re .  It could be a time a t  which 

t h e  quasi-s ta t ionary s t ruc tu re  was changing. I n  the  second o r b i t  t he  s e r i e s  

of p l u s  signs following t h e  a r r i v a l  of t he  storm of December 2, 1963 appears 

t o  be am exception t o  the  sec to r  s t ruc tu re ,  but  t h i s  can be understood i n  

terms of the  so l a r  wind ve loc i ty .  A t  t h i s  time the  average so la r  wind 

ve loc i ty  (Lyon, e t  ah, 1964) was about 470 km/sec, which would correspond 

t o  a t r a n s i t  time from the  sun t o  t he  e a r t h  of 3 3/4 days with t h e  assumption 

of a uniform r a d i a l  s o l a r  wind v e l o c i t y .  The a v e r a g e  s o l a r  wind v e l o c i t y  

d u r i n g  t h e  3 solar r o t a t i o n s  c o n s i d e r e d  h e r e  w a s  315 km/sec, which would 

co r re spond  to  a t r a n s i t  time o f  5 1 / 2 d a y s  

f i e l d  d i r e c t i o n  a s s o c i a t e d  w i t h  the s to rm a r r i v e d  t o o  soon by a b o u t  1 314 

days ,which  j u s t  c o r r e s p o n d s  t o  t h e  number o f  p l u s  s i g n s  i n d i c a t e d  i n  t h e  

second o r b i t  of F i g u r e  1. 

Thus t h e  change  of i n t e r p l a n e t a r y  



CO-ROTATION 

The evidence f o r  t h e  co-rotat ion of t h e  sec tor  s t r u c t u r e  will now be 

examined. 

away from t h e  am) of the  in te rp lane tary  magnetic f i e l d .  

described by a time s e r i e s  of plus or minus signs, When 

these  data were first analysed i n  this manner it was not iced t h a t  most of t h e  

Figure 6 shows an autocorrelat ion of t h e  d i r ec t ion  (toward or 

This d i r ec t ion  was 

as described above. 

disagreement occurred within the f i r s t  8 days observed by t h e  s a t e l l i t e .  

Therefore i n  order t o  t r y  t o  examine a quas i - s ta t ionary  condition t h e  data 

of t he  first 8 days were excluded from t h e  ana lys i s  shown i n  Figure 6, and 

i n  t h e  subsequent analysis .  

i n t e rp l ane ta ry  magnetic f i e l d  shows a prominent peak at  about 27 days. 

is evidence for co-rotat ion of the in te rp lane tary  magnetic f i e l d  s t ruc tu re  

if t h e  27 day per iod  i s  assumed t o  represent the synodic r o t a t i o n  per iod 

of t h e  l o w  l a t i t u d e  r e g i o n  o f  t h e  sun .  

and Wilcox ,  1964) t h a t  t h e  i n t e r p l a n e t a r y  f i e l d  i s  r o o t e d  i n  t h e  p h o t o s p h e r i c  

magne t i c  f i e l d ,  and t h i s  a l s o  i m p l i e s  c o - r o t a t i o n .  

F i g u r e  1 co-rotates w i t h  t h e  sun i t s  i n f l u e n c e  a t  t h e  e a r t h  i s  n o t  caused  

by t h e  r a d i a l  advance  of a s p h e r i c a l  f r o n t  b u t  r a t h e r  by t h e  r o t a t i o n a l  motion 

The autocorrelat ion of t he  d i r ec t ion  of t he  

This 

Also we have  p r e v i o u s l y  shown (Ness 

S i n c e  t h e  s t r u c t u r e  of 

o f  t h e  s t r u c t u r e  p a s t  t h e  e a r t h .  

LIMITATIONS 

Before examining t h i s  s t ruc tu re  and i t s  influence i n  more d e t a i l  we 

may note c e r t a i n  l imi t a t ions .  

of three ro t a t ions  of t he  quie t  sun, and thus cover 

compared with the ll year cycle of solar ac t iv i ty .  

s t a t i s t i c a l  weight i n  t h a t  there  a r e  only 4 of the  l a rge  sec to r s  with f i e l d  

The observations cover only the short  time 

a time that is small 

They have a l imi ted  



d i rec t ed  away from t h e  sun and 3 of t h e  l a r g e  sec tors  with f i e l d  d i r ec t ed  

toI,iard the  sun available f o r  ana lys i s .  

t o  t h e  sector  s t ruc tu re  shown i n  t h e  center  of Figure 1, we must assume a near 

coincidence i n  both per iod  and phase between t h e  co-rotat ion of t h e  sec to r  

s t ruc tu re  with the  sun and t h e  o r b i t  of t he  Il4P-1 s a t e l l i t e .  The t i m e  required 

f o r  a l / 7  sec tor  t o  r o t a t e  p a s t  t h e  e a r t h  i s  a lmos t  equal t o  the  o r b i t a l  per iod  

of t h e  s a t e l l i t e .  The phase r e l a t ionsh ip  Fs such t h a t  usua l ly  when a, sec tor  

boundary ro t a t e s  past the  ea r th  the  s a t e l l i t e  i s  near per igee  and therefore  

unable t o  observe t h e  boundary. "he p o s s i b i l i t i e s  inherent  i n  t h i s  s l t u a t i o n  

f o r  creat ion of an a r t i f a c t  have been ca re fu l ly  examined with negative r e s u l t s  

a t  t h e  present  t i m e .  The f a c t  t h a t  t h e  sense c;f t he  in te rp lane tary  f i e l d  

remains the same thrcughout a S / 7  sec to r ,  and therefore  during two successive 

o r b i t s  of the s a t e l l i t e ,  i s  a strong argument t h a t  the  sec tor  s t ruc tu re  i s  

not r e l a t ed  t o  t h e  orbi ta l .  parameters cf the s a t e l l i t e .  

Slhen we a t t r i b u t e  phys ica l  rea l i ty  

APTALYSIS GI" SECTOR STRUCTURE 

Xe nola; proceed t o  anelyse the  s t ruc tu re  sho;!n In Figure 1 i n  mcre 

Gne cf the  F / 7  d e t a l l ,  using the method of supzrlpcsed epcch ana lys i s .  

sec tors  ro t a t e s  pas t  the  ea r th  i n  2 / 7  x 27 d a y s  = 

7 3/4 days. The absc issa  i n  Figure 7 represents  pos i t i on  within a 2 / 7  

sec tor  measured i n  days as t h e  sec tor  r c t a t e s  p s s t  t h e  ea r th .  

boundary i s  defined as t h e  pos i t i on  a t  which t h e  sense cf t h e  d i r ec t ion  CJf 

t he  in te rp lane tery  magnetic f i e l d  changes. 

t he re  i s  an uncertainty of several hours i n  t h e  exact l oca t ion  of t he  sec to r  

boundaries. 

cirmunference i s  divided up i n t o  th ree  S / 7  interve. ls  and one 1/7 i n t e r v a l .  

The sec tor  

As can be seen from Figure 1 

For purpcses of t he  ana lys i s  it is essumed t h a t  t h e  t o t a l  
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I The degree of approximation involved i n  t h i s  can be ascer ta ined  from Figure 1. 
, 

Because cf t h e  uncer ta in ty  of several hours i n  t h e  loca t ion  of the boundary 

and a l s o  t o  provide some smoothing of the data, 24 hour average values  of t h e  

in te rp lane tary  f i e l d  magni-tude have been used i n  t h i s  ana lys i s .  The numerical 

procedure provides in te rpola t ion  a t  3 hour in t e rva l s .  The o r d i n a t e  of Figure 7 

I represents  t h e  average value of t he  in te rp lane tary  f i e l d  magnitude as measured 

at t h e  same r e l a t i v e  pos i t i on  within each of t he  2/7 sec to r s .  Thus s t ruc tu re  

t h a t  i s  organized with respect  t o  t h e  2/7 sec tors  w i l l  tend t o  be reinforced,  

while o ther  random e f f e c t s  w i l l  tend t o  be weraged out .  Figure 7 shows t h a t  

t h e  average magnitude of t h e  in te rp lane tary  f i e l d  decl ines  from g rea t e r  than 

6 r e a r l y  i n  t h e  sec tor  t o  less t h a t  4 1 i n  t he  t r a i l i n g  por t ion  of t h e  sec tor .  

The r e s u l t s  of t he  ana lys i s  for t he  sectors  with f i e l d  d i rec ted  away from the  

sun and t h e  sec tors  v i t h  f i e l d s  d i rec ted  toward the  sun are shown separa te ly  

i n  Figure 7. 

The solar wind plasma. vas observed on the  D4P-1 s a t e l l i t e  by a Faraday 

cup de tec t c r  f l o m  by t h e  KIT group(Lyon, et ~1*, 1964). The observations 

from th is  experiment t h e  solar w'nd ve loc i ty ,  dens i ty  and f l u x  have been 

analysed i n  a manner similar t o  t h a t  used i n  Figure 7 f o r  t he  in te rp lane tary  

f i e l d  magnitude. Figure 8 shows the  r e s u l t s  for t he  solar wind ve loc i ty .  

The loca t ion  of t h e  peal: a t  about 2 days i s  rectl, because the  uncertainty 

i n  The loca t ion  of the sec tor  boun<.aries i s  only a few hours.  However t h e  

upward excursion of t he  p lus  s igns &, about day 4 may w e l l  be zn a r t i f a c t  

r e l a t e d  t o  t h e  lo s s  of data when the  s a t e l l i t e  i s  near perigee.  Af'ter t he  

peak of about 340 Iun/sec the  so l a r  :find ve loc i ty  decl ines  t o  a value l e s s  

than 290 lun/sec i n  the  t r a i l i n g  port ion of t he  sec tor .  

of  t h e  solar wind densi ty  i s  shown in Figure 9. 

sec to r  at g rea t e r  than 1% protons/cc t h e  dens i ty  decl ines  t o  about 6 

A similar ana lys i s  

After a peak e a r l y  i n  the 



8. 

protons/cc i n  the  middle of t h e  sec tor  and then has a subs t an t i a l  r i s e  i n  

the  t r a i l i n g  por t ion  of t he  sec to r .  

sector- the  solar wind ve loc i ty  i s  decreasing, while the  so l a r  wind dens i ty  

i n  increasing. The ana lys i s  of t he  so l a r  xind flux i s  shown i n  Figure 10. 

Since t h e  so la r  wind plasma i s  also well organized by the  sec tor  s t ruc tu re ,  

t h i s  s t ruc ture  i s  a fundamental property of  the  in te rp lane tary  medium. 

Thus i n  t h e  t r a i l i n g  por t ion  of t h e  

IIWLUENCE ON GEOMAGNETIC ACTIVITY AND COSMIC RAYS 

A s  t h e  sec tor  s t ruc tu re  i n  the  in te rp lane tary  medium r o t a t e s  p a s t  

t he  e a r t h  dces it influence geomagnet ic  act ivi t , : ;?  The answer i s  shown i n  

Figure 11 which i s  a simFlar analysis  of the  2h hour sum of Kp. 

r i s e s  t o  a. peak grea te r  than 25 a t  about day 2 and then decl ines  t o  a 

minimum l e s s  than 10 i n  the  t r a i l i n g  po r t ion  of t h e  sec t c r .  The change  i n  

the  geomagnetic a c t i v i t y  i i i th  respect  t o  the  see-Lor s t ruc tu re  shown i n  

Flgure 11 i s  similm tc; the  v a r i a t i o n  of s o l n  i.!ind v e l c c i t y  shown i n  

Figure 8. 

(1.963) from the  Mariner I1 spacecraf t  t h a t  the  s o l a r  wind ve loc i ty  i s  

l i n e a r l y  r e l a t ed  tc t he  2 4  hour  sum :,f Kp. 

This index 

This i.s consis tent  with the  r e s u l t  r2ported by Snyder, e t  al., 

The change i n  t i m e  of t h e  geomagnet ic  a c t i v i t y  as a 217 s e c t o r  

r o t a t e s  pas t  t he  ea r th  i s  shown i n  Figure 11 frcjm a superposed epoch ana lys i s .  

Figure 1; sho:is t h a t  an approximation t o  t h i s  c a n  be  obse rved  

as each individual sec tor  r o t a t e s  pas t  the  ea r th .  

planetary magnetic 3 hour range ind ices  (Central  Radio Propagation Laboratory, 

1961:). The sector bound.ari-es observed by IW-1 have been added t o  t h i s  cha r t .  

Cases where the locat ion of' the  boundary a re  un.:ertain due t o  t h e  S a t e l l i t e  

being near perigee a re  indicated wtth cross-hatching. 

Figure 13 shows the  
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It i s  d i f f i c u l t  t o  assess  t h e  s t a t i s t i c a l  s ignif icance of t he  l imi t ed  

da ta  sample used i n  t h i s  analysis .  

divide t h e  da ta  sample i n t o  two p a r t s  and t o  perfmm t h e  same ana lys is  on 

However, it i s  usefu l  i n  t h i s  regard t o  

each. It can be seen i n  Figure 11 t h a t  t h e  r e s u l t s  f o r  s ec to r s  with f i e l d  

away from the  sun and f o r  t h e  sec to r s  with f i e l C  toward the  sun a r e  very 

similar. This gives a measure of t he  physical content of t h e  r e s u l t s .  

The inf luence of the  ro t a t ing  sector  s t ruc tu re  on t h e  l o c a l  cosmic ray 

i n t e n s i t y  i s  shown by the  ana lys i s  of the Deep River neutron monitor counting 

rate i n  Figure 13. The counting rate tends t o  increase throughout most of  

t h i s  s e c t o r -  

a r e  excluded by kinks m.d i r r e g u l a r i t i e s  i n  the in te rp lane tary  magnetic 

f i e l d .  E a r l y  i n  t he  sec tor  where the in te rp lane tary  f i e l d  rn8,r:tude i s  

l a r g e s t  t h e  cosmic ray i n t e n s i t y  i s  smallest and vice versa .  Most of t he  

d e c r e a s e  shown i n  t h e  p o s i t i v e  s e c t o r s  i n  F i g u r e  13 o c c u r s  i n  o n l y  one of t h e  

T h i s  i s  c o n s i s t e n t  w i t h  t h e  v i e w p o i n t  t h a t  g a l a c t i c  cosmic r a y s  

two p o s i t i v e  s e c t o r s .  The s i g n i f i c a n c e  of t h i s  e f f e c t  i n  such  a l i m i t e d ’ d a t a  

Sam.; l e  i s  n o t  c lear .  

OUTER BOUNDARY OF SECTORS 

Simpson and Fan (1965) have a detector on the  IMP-1 s a t e l l i t e  t h a t  

responds t o  protons of a few MeV energy, and the  counting r a t e  of t h i s  

de t ec to r  i s  shown i n  Figure 14 .  

3 recurrences of a r /7  sec tor  haring f i e l d  d i rec ted  8way from the  sun. 

It can be seen t h a t  t he  recurrent  proton stream detected by Simpson and Fan 

i s  almost e n t i r e l y  contained within t h i s  pos i t i ve  sec tor .  This observation 

suggests t h a t  the  in te rp lane tary  f i e l d  l i n e s  i n  the pos i t i ve  sector  do not 

j o i n  smoothly t o  in te rp lane tary  f i e l d  l i n e s  t h a t  re turn  t o  the  sun i n  

.Us0 shothm i n  Figure 1 4  a r e  t h e  times of 
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a d j a c e n t  n e g a t i v e  s e c t o r s .  If  t h e r e  were a smooth c o n n e c t i o n  be tween '  t h e  

p o s i t i v e  sector and  t h e  n e g a t i v e  sectors t h e  o b s e r v e d  p r o t o n s  would h a v e  

s u f f i c i e n t  t i m e  t o  f o l l o w  t h e  f i e l d  l i n e s  and  t h u s  s h o u l d  a p p e a r  also i n  

t h e  a d j a c e n t  n e g a t i v e  sectors. 

T h e s e  r emarks  a p p l y  t o  t h e  s i t u a t i o n  i n  t h e  p l a n e  of t h e  e c l i p t i c .  

I t  i s  a lso c l e a r  t h a t  d i v  B i s  n o t  c o n s e r v e d  i n  t h i s  p l a n e .  I n  4 / 7  o f  t h e  

t o t a l  c i r c u m f e r e n c e  t h e  f i e l d  i s  d i r e c t e d  away from t h e  sun  and i n  o n l y  3 / 7  

o f  t h e  t o t a l  c i r c u m f e r e n c e  i s  t h e  f i e l d  d i r e c t e d  toward  t h e  s u n .  Also t h e  

a v e r a g e  magni tude  o f  t h e  f i e l d  i n  t h e  away sectors i s  a b o u t  10% h i g h e r  t h a n  

i n  t h e  toward sec tors ,  a l t h o u g h  t h e  a v e r a g e  solar wind v e l o c i t y  i s  the same 

i n  t h e  t w o  cases. Thus n e a r  t h e  p l a n e  o f  t h e  e c l i p t i c  t h e r e  are more l i n e s  

l e a v i n g  t h e  sun t h a n  r e t u r n  t o  t h e  s u n ,  and some of  t h e s e  l i n e s  mus t  r e t u r n  

t o  t h e  sun  a t  o t h e r  l a t i t u d e s .  I n  t h i s  c o n n e c t i o n  w e  c a n  n o t e  t h a t  a t  t h i s  

time t h e  n o r t h e r n  p o l a r  r e g i o n  had a large scale f i e l d  d i r e c t e d  i n t o  t h e  s u n ,  

t h e  s o u t h e r n  p o l a r r e g i o n  had a l a r g e  scale f i e l d  t o o  small t o  be  d e t e c t e d  by t h e  

s o l a r  magnetograph and t h e  lower  l a t i t u d e s  h a v e  a complex p a t t e r n  of B i p o l a r  

magne t i c  r e g i o n s ,  u n i p o l a r  m a g n e t i c  r e g i o n s  and  background f i e l d s .  (Bumba 

and Howard, 1965a ) .  

THE SOLAR SOURCE OF THE RECURRING GEOMAGNETIC STORM OF DECEMBER 2 , 1 9 6 3  

Geomagnetic s t o r m s  of modera t e  i n t e n s i t y  o f t e n  r e c u r  a t  i n t e r v a l s  of 

a b o u t  27 d a y s .  S i n c e  t h i s  i s  t h e  r o t a t i o n  p e r i o d  of l o w  l a t i t u d e s  on 

t h e  sun  as seen from t h e  e a r t h ,  i t  h a s  been assumed t h a t  some l o n g - l i v e d  

f e a t u r e  on t h e  sun  i s  r e s p o n s i b l e  f o r  t h e s e  storms. Bartels (1932)  c a l l e d  

t h e  solar source  of r e c u r r i n g  geomagne t i c  storms an  M - r e g i o n ,  and s i n c e  

t h a t  t i m e  t h e r e  h a s  been no g e n e r a l  ag reemen t  i n  t h e  l i t e r a t u r e  as t o  t h e  



0 
I 11 

I 
e x a c t  n a t u r e  of t h e  s o u r c e .  The s to rm of December 2 ,  1963 ,  whose p o s i t i o n  

i s  i n d i c a t e d  i n  F i g u r e  1 ,  was a member of a ser ies  of geomagnet ic  s t o r m s  

t h a t  had r e c u r r e d  a t  27 day  i n t e r v a l s  f o r  o n e  and a h a l f  y e a r s .  The f o l l o w i n g  

I d i s c u s s i o n  compares t h e  s a t e l l i t e  o b s e r v a t i o n s  w i t h  r e c e n t  o b s e r v a t i o n s  of , 

p h o t o s p h e r i c  magne t i c  f i e l d  p a t t e r n s  by Bumba and Howard a t  t h e  M t .  Wilson 

O b s e r v a t o r y .  
I 

Soon a f t e r  t h e  s o l a r  magnetograph was p l a c e d  i n  o p e r a t i o n  a t  M t .  Wilson 

H .  W .  and H .  D .  Babcock (1955) r e p o r t e d  t h a t  one  k i n d  of f e a t u r e  i n  t h e  

p h o t a s p h e r i c  f i e l d  i n v o l v e s  a c o n s i d e r a b l e  e G t e n t  i n  l a t i t u d e  and i n  

l o n g i t u d e  i n  which t h e  p h o t o s p h e r i c  f i e l d  i s  d i r e c t e d  e i t h e r  i n t o  t h e  sun o r  

o u t  o f  t h e  sun .  Simpson and t h e  Babcocks (1955) s u g g e s t e d  t h a t  t h e s e  U n i p o l a r  

Magnet ic  Regions  ( U M R s )  might  b e  t h e  s o u r c e  of t h e  r e c u r r i n g  geomagnet ic  s t o r m s .  

Bumba and Howard (1965a)  i n  a r e c e n t  d i s c u s s i o n  gf UMRs d e f i n e  them as h a v i n g  

t h e  p o l a r i t y  of t h e  f o l l o w i n g  p o r t i o n  of a c t i v e  r e g i o n s  i n  a g i v e n  r e g i o n .  A t  

t h e  t i m e  of t h e  IMP-I o b s e r v a t i o n s ,  i n  t h e  n o r t h e r n  s o l a r  hemisphere  t h e  l e a d i n g  

p o r t i o n s  of a c t i v e  r e g i o n s  had magnetic f i e l d  d i r e c t e d  o u t  o f  t h e  sun and t h e  

f o l l o w i n g  p o r t i o n s  had f i e l d  d i r e c t e d  i n t o  t h e  s u n ,  and t h u s  a U n i p o l a r  

Magnet ic  Region had f i e l d  d i r e c t e d  i n t o  t h e  sun .  Bumba and Howard (1965b)  

have  r e c e n t l y  d i s c u s s e d  an a d d i t i o n a l  f e a t u r e  i n  t h e  p h o t o s p h e r i c  magne t i c  f i e l d  

which t h e y  c a l l  a g h o s t  UMR and which t h e y  d e f i n e  as f o l l o w s :  "Each UMR f o r  

which w e  have  good magnet ic  o b s e r v a t i o n s  h a s  p r e c e d i n g  i t  a r e g i o n  of l e a d i n g  

p o l a r i t y  t h a t  i s  r o u g h l y  t h e  same as an UMR and sometimes n e a r l y  as l a r g e ,  

b u t  t h a t  h a s  f i e l d s  i n  t h e  t a i l  t h a t  are more t h a n  a f a c t o r  of 2 weaker than  

t h e  UMR.11 "There i s  o n l y  s l i g h t  enhanced ca l c ium emiss ion  t o  b e  seen 

accompanying t h e s e  g h J s t  U n i p o l a r  Magnetic Reg ions .  

p a r t  o f  t h e  l i f e t i m e  of t h e  r e g i o n s ,  a l a r g e  q u i e s c e n t  prominence s e p a r a t e s  

t h e  UMR from t h e  g h o s t  UMR." 

I 

Almost a lways  d u r i n g  some 
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F i g u r e  5 i s  a s y n o p t i c  c h a r t  o f  t h e  p h o t o s p h e r i c  m a g n e t i c  f i e l d  (Bumba 

and Howard, 1964) .  The s o l i d  c o n t o u r s  i n d i c a t e  f i e l d  o u t  o f  t h e  sun  and t h e  

dashed  c o n t o u r s  r e p r e s e n t  f i e l d  i n t o  t h e  s u n .  The l a r g e  r e g i o n  w i t h  dashed  

c o n t o u r s  i n  t h e  upper  r i g h t  hand p o r t i o n  of  F i g u r e  5 i s  t h e  c o n t i n u a t i o n  of 

a s e q u e n c e  of U M R s .  

h e m i s p h e r e  i n  t h e  m i d d l e  o f  F i g u r e  15 i s  a g h o s t  UMR. 

The r e g i o n  w i t h  f i e l d  o u t  o f  t h e  sun i n  t h e  n o r t h e r n  

The observed  i n t e r p l a n e t a r y  m a g n e t i c  f i e l d  a t  t h e  b e g i n n i n g  o f  t h e  storm 

of December 2 ,  1963 i s  d i s p l a y e d  on an expanded t i m e  scale i n  F i g u r e  35 of 

Ness e t  a l .  ( 1 9 6 4 ) .  One hour  a f t e r  t h e  commencement of  t h e  storm a sector  

boundary rotated p a s t  t h e  e a r t h  such  t h a t  t h e  d i r e c t i o n  !>f t h e  i n t e r p l a n e t a r y  

f i e l d  changed from toward t h e  sun t o  away from t h e  s u n ,  as shown i n  F i g u r e  1. 

A t  t h i s  t i m e  t h e  measured p lasma v e l o c i t y  was a b o u t  470 km/sec (Lyon e t  a l ,  

1 9 6 4 ) .  

a t r a n s i t  t ime from t h e  sun t o  t h e  e a r t h  of  3 3 /4  d a y s .  T h i s  t r a n s i t  t i m e  

h a s  been s u b t r a c t e d  from t h e  o b s e r v e d  t i m e  a t  which t h e  s e c t o r  boundary 

r o t a t e d  p a s t  t h e  e a r t h  t o  d e f i n e  t h e  b e g i n n i n g  o f  t h e  p o s i t i v e  s e c t o r  on t h e  

s u n ,  as shown i n  F i g u r e  15. The p o s i t i o n  on t h e  sun of t h e  end o f  t h i s  

p o s i t i v e  s e c t o r  h a s  been e s t i m a t e d  i n  t h e  same way. The c r o s s - h a t c h e d  area 

r e p r e s e n t s  t h e  u n c e r t a i n t y  i n  t h e  s e c t o r  boundary a s s o c i a t e d  w i t h  t h e  p r e s e n c e  

of t h e  s a t e l l i t e  n e a r  p e r i g e e .  P r o b a b l e  errors i n  t h e  p o s i t i o n  of t h e  s e c t o r  

b o u n d a r i e s  caused  by u n c e r t a i n t i e s  i n  t h e  measured s o l a r  wind v e l o c i t y  and 

by t h e  assumption of c o n s t a n t  r a d i a l  solar wind v e l o c i t y  are  n o t  i n c l u d e d .  

The v a r i o u s  t i m e s  of i n t e r e s t  are summarized as fo l lows:  t h e  storm commencement 

w a s  2117 UT on December 2 ,  t h e  sector boundary a s s o c i a t e d  w i t h  t h e  change  f r o m  

f i e l d  toward t h e  sun t o  f i e l d  away from t h e  sun  r o t a t e d  p a s t  t h e  s a t e l l i t e  

With t h e  assumpt ion  of a c o n s t a n t  r a d i a l  solar wind v e l o c i t y  t h i s  g i v e s  

a t  22xx UT on December 2, t h e  storm ended a t  17xx UT on December 7 ,  and t h e  
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p o s i t i v e  sec to r  ended between 12xx UT on December 12 and 03xx UT on December 

13. 

The p o s i t i v e  sec to r  whose boundary coincides (within 1 hour) with t h e  

commencement of t h e  recurr ing geomagnetic storm thus appears t o  extrapolate  

back t o  t h e  sun such as t o  include t h e  ghost UMR. We therefore  suggest t h a t  

i n  t h i s  one case t h e  ghost UMR i s  t o  be i d e n t i f i e d  with Bartel ' s  M-region. 

The weak magnetic f i e l d s  of t h e  ghost UMR might be such as t o  not  i n t e r f e r e  with 

t h e  escape of s o l a r  wind plasma from the  sun. The posi t ion and ex ten t  i n  

heliographic longitude of t h e  ghost UMR are cons i s t en t  with t h e  commencement 

t i m e  and duration of t h e  recurr ing geomagnetic storm of December 2 ,  1963. 

On t h e  following s o l a r  ro t a t ion  a small geomagnetic storm w a s  recorded 

from 03xxUT on January 2 ,  1964 t o  05xx UT on January 4. This storm i s  

located i n  t h e  f i r s t  p a r t  of recur rmce  of t h e  same p o s i t i v e  2/7 sec tor  

discussed above. Twenty-seven days a f t e r  t h i s  some observator ies  reported 

a small storm. Due to  bad weather a t  M t .  Wilson, photospheric magnetic 

f i e l d  observations are  not ava i l ab le  a t  t he  27 day and 54 day i n t e r v a l s  

a f t e r  t h e  storm of December 2 .  

This i d e n t i f i c a t i o n  of an M-region would not be d i r e c t l y  r e l a t e d  t o  t h e  

presence of newly formed a c t i v e  regions on t h e  sun. 

separated from the  ghost UMR by a large quiescent prominence a s t a t i s t i ca l  

Since t h e  UMR i s  of ten  

r e l a t i o n s h i p  between these prominences and recurr ing geomagnetic storms 

might be observed , but only when prominences associated with a c t i v e  regions 

have been excluded. 

emission and the re fo re  i t  would be very d i f f i c u l t  t o  d e t e c t  i t  by any means 

o the r  than t h e  s o l a r  magnetograph. 

The ghost UMR has only s l i g h t l y  enhanced calcium 
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I n  view of t h e  many y e a r s  of c o n t r o v e r s y  r e g a r d i n g  t h e  i d e n t i f i c a t i o n  

of M-regions i t  must  be s t r o n g l y  emphasized t h a t  t h e s e  comments a p p l y  t o  

t h e  o b s e r v a t i o n  a s s o c i a t e d  w i t h  o n e  r e c u r r i n g  geomagnet ic  storm. A d d i t i o n a l  

o b s e r v a t i o n s  are r e q u i r e d  t o  d e t e r m i n e  t h e  g e n e r a l i t y  o f  t h e s e  r e s u l t s .  

SUMMARY 

The IMP-1 s a t e l l i t e  h a s  o b s e r v e d  a q u a s i - s t a t i o n a r y  c o - r o t a t i n g  

s t r u c t u r e  i n  t h e  i n t e r p l a n e t a r y  medium d u r i n g  3 solar r o t a t i o n s  of  t h e  

q u i e t  s u n .  S i n c e  t h i s  s t r u c t u r e  c a n  b e  o b s e r v e d  i n  b o t h  t h e  i n t e r p l a n e t a r y  

magnet ic  f i e l d  and t h e  s o l a r  wind p lasma i t  i s  a b a s i c  f e a t u r e  of  t h e  i n t e r -  

p l a n e t a r y  medium. I n  t h e  p r e c e d i n g  p o r t i o n  of  t h e  s e c t o r s  t h e  i n t e r p l a n e t a r y  

f i e l d  magni tude ,  solar wind v e l o c i t y ,  and geomagnet ic  a c t i v i t y  t e n d  t o  b e  

l a r g e ,  and i n  t h e  t r a i l i n g  p o r t i o n  o f  t h e  sectors t h e s e  q u a n t i t i e s  t e n d  t o  

b e  small. The d e n s i t y  i s  l a r g e  i n  t h e  p r e c e d i n g  and t r a i l i n g  p o r t i o n s  of 

t h e  sectors and i s  small i n  t h e  middle  of t h e  sectors.  Cosmic r a y  i n t e n s i t y  

i s  smaller i n  t h e  p r e c e d i n g  p o r t i o n  of t h e  sector i n  which t h e  i n t e r p l a n e t a r y  

f i e l d  magnitude i s  l a r g e r  w i t h  c o n d i t i o n s  r e v e r s e d  i n  t h e  t r a i l i n g  p o r t i o n s  

o f  t h e  sector. The r e c u r r i n g  p r o t o n s  of a few M e V  e n e r g y  o b s e r v e d  by 

Simpson and Fan are f a i r l y  w e l l  c o n t a i n e d  w i t h i n  a s i n g l e  p o s i t i v e  s e c t o r .  

T h i s  s u g g e s t s  t h a t  t h e r e  i s  n o t  a smooth c o n n e c t i o n  between t h i s  p o s i t i v e  

s e c t o r  and t h e  a d j a c e n t  n e g a t i v e  sectors. I n  t h e  e c l i p t i c  p l a n e  more 

magnet ic  f l u x  i s  d i r e c t e d  away from t h e  sun t h a n  i s  d i r e c t e d  toward t h e  s u n ,  

so t h a t  some of t h i s  f l u x  must r e t u r n  t o  t h e  sun a t  o t h e r  l a t i t u d e s .  The 

solar s o u r c e  of t h e  r e c u r r i n g  geomagnet ic  s t o r m  of December 2 ,  1963 i s  

a s s o c i a t e d  w i t h  a g h o s t  u n i p o l a r  magnet ic  r e g i o n  i n  t h e  p h o t o s p h e r e  on t h e  

b a s i s  of magnet ic  f i e l d  p o l a r i t i e s  and t i m e  r e l a t i o n s h i p s .  
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Figure Legends 

Fig.  1. 

t h e  circumference of t h e  f igu re  ind ica te  

in te rp lane tary  magnetic f i e l d  during successive 3 hour i n t e r v a l s .  

paren thes is  arount! a + o r  - ind ica tes  a time during which t h e  f i e l d  

d i r ec t ion  has moved beyond t h e  "allowed regions" shown i n  Figure 2 f o r  

a few hours i n  a smooth and continuous manner. The inner  po r t ion  of t h e  

f igu re  i s  a schematic representat ion of a sec to r  s t ruc tu re  of the  i n t e r -  

p lane tary  magnetic f i e l d  t h z t  i s  suggested by these  observations.  The 

deviat ions about the  average streaming angle t h a t  a r e  ac tua l ly  present  

a r e  not shown i n  t h i s  f i g u r e .  

The + (away from t h e  sun) and - (towards t h e  sun) signs a t  

the  d i r ec t ion  of t h e  measured 

A 

Fig. 2. Distr ibut ion of t he  measured in t e rp l ane ta ry  magnetic f i e l d  

d i r ec t ion  i n  the plane of the  e c l i p t i c  a n d  normal t o  t h e  e c l i p t i c ,  averaged 

over 5.46 minute in t e rva l s .  Both histograms show t h e  f i e l d  angular d i s t r i -  

bution per  un i t  so l id  angle; the  dashed c ' r c l e s  would correspond t o  an 

Psotropic d i s t r ibu t ion  of the same number of vec tors .  

peaked i n  d i rec t ions  ccrresponding tc t h e  spiral streaming angle.  

i n t e r v a l s  i n  which the  f i e l d  i s  predominantly away from the  sun and predominantly 

to:;.ard the  sun are  labeled p o s i t i v e  and negative i n  t h i s  f igu re ,  and represented 

by + and - signs Fn Figure 1. 

t h a t  the  in te rp lane tary  f i e l d  i s  predominantly p a r a l l e l  t o  t he  e c l i p t i c  r a t h e r  

than being perpendicular t o  it. 

The d i s t r i b u t i o n  i s  

The angular 

The d is t r ibu t?on  normal t o  t h e  e c l i p t i c  shows 
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Fig.. 4. In te rp lane tary  magnetic f i e l d  da t a  f o r  January 21 and 22, 1964. 

F i s  the  magnitude of t h e  f i e l d  i n  Y , and 4 and @ a r e  defined i n  Figure 2. 

The po in t s  are shown at  5.46 minute in te rva ls .  

"posit ive" i n  Figure 2 i s  shown with a + s ign  i n  t h i s  f i gu re  ( f i e l d  

The range i n  labe led  

predominantly away from t h e  sun), and the  range i n  @ l abe led  "negative" 

i n  Figure 2 i s  indicated with - signs ( f i e l d  predominantly toward the  sun). 

The in te rp lane tary  f i e l d  was directed predominantly away from the  sun 

during t h e  e n t i r e  time i n t e r v a l  covered by t h i s  f i gu re .  

of t h e  figure t h e  f i e l d  var iances  i n  b' a re  shown f o r  3 mutually perpen- 

d icu lar  axes. (Ness et.al., 1964) 

A t  t h e  bottom 

Fig.  5 .  In te rp lane tary  magnetic f i e l d  da ta  f o r  January 7, 1964. The 

Ordinates are  t h e  same as  i n  Figure 4. 

p lane tary  f i e l d  i s  predominantly directed away from t h e  sun. 

a sec tor  boundary ro t a t e s  pas t  t he  s a t e l l i t e  and the  f i e l d  d i rec t ion  

changes t o  being predominantly toward t h e  sun. (Ness et.al., 1964) 

I n  most of t h i s  f i gu re  the  i n t e r -  

A t  2220 UT 

Fig. 6. 

magnetic f i e l d .  

t h e  in te rp lane tary  magnetic f i e l d  s t ructure  co-rotates  with the sun. 

Autocorrelation of  the  observed d i rec t ion  of the  in te rp lane tary  

The l a rge  pos i t ive  peak a t  about 27 days l a g  ind ica tes  t h a t  

Fig.  7 .  

magnetic f i e l d  as a function of posi t ion within the  2/7 sec tors  shown i n  

Figure 1. The abscissa  represents  pos i t ion  within the  sector ,  measured 

i n  days as t h e  sec tor  sweeps pas t  the ear th .  The ordinate  i s  the  average 

magnitude at the  same r e l a t i v e  posi t ion within the  sectors .  

shown separately f o r  t he  four  sectors with f i e l d  away from the  sun, the three 

s e c t o r s  with f i e l d  toward t h e  sun, and f o r  a l l  sectors .  

Superposed epoch analysis of t h e  magnitude of the  in te rp lane tary  

The r e s u l t s  are 
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Fig. 8. 

function of pos i t i on  within the  2/7 sec tors .  

Superposed epoch ana lys i s  of the  so l a r  wind ve loc i ty  as a 

Fig. 9. . Superposed epoch analysis  of the  so l a r  wind dens i ty  as a 

function of pos i t ion  within t h e  2/7 sec tors .  

Fig. 10. 

of pos i t ion  within the  2/7 sec tors .  

Superposed epoch analysis  of t he  so l a r  wind flu as a f'unction 

Fig.  11. Superposed epoch analysis  of the  geomagnetic a c t i v i t y  index 

24 hour sum Kp as a function of pos i t i on  within the  2/7 sec tors .  

Fig.  12.  Planetary magnetic 3 hour range ind ices  Kp. "he sec tor  

boundaries are indicated with v e r t i c a l  l i n e s .  The cross-hatched areas  

ind ica te  uncer ta in t ies  i n  the  pos i t i on  of the  sec tor  boundaries caused 

by the  pos i t ion  of the  s a t e l l i t e  near per igee.  

average shape shown i n  Figure 11 can be seen i n  each individual  sec tor .  

An approximation t o  the  , 

Fig. 13. 

counting r a t e  as a function of pos i t ion  within t h e  2/7 sec tors .  

Superposed epoch ana lys i s  of t he  Deep River neutron monitor 

Fig. 14 .  

detect ing protons of an energy of a few MeV. 

shown. 

within the  posi t ive sec tor .  

i n  t he  posi t ion of the  sec tor  boundary causedby t h e  pos i t i on  of the  

s a t e l l i t e  near perigee.  

Counting r a t e  of t he  University of Chicago experiment on IMP-1 

Three s o l a r  ro t a t ions  a re  

The recurring stream of protons i s  for  the  most p a r t  contained 

The cross-hatching ind ica t e s  t h e  uncertainty 
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F l g .  15. S y n o p t i c  c h a r t  of p h o t o s p h e r i c  magne t i c  f i e l d s  f o r  c e n t r a l  

m e r i d i a n  d a t e s  November 2 5 ,  1963 t o  December 11, 1963. T h i s  i s  a 

r e c t a n g u l a r  e q u a l  area p r o j e c t i o n .  S o l i d  l i n e s  r e p r e s e n t  p o s i t i v e  

p o l a r i t y  and dashed  l i n e s  r e p r e s e n t  n e g a t i v e  p o l a r i t y .  I s o g a u s s  l i n e s  

are f o r  2 ,  4 ,  8 ,  12 and 25 g a u s s .  The e q u a t o r  i s  drawn a c r o s s  t h e  c e n t e r .  

The e x t r a p o l a t e d  p o s i t i o n  of t h e  p o s i t i v e  s e c t o r  i s  i n d i c a t e d  as d e s c r i b e d  

i n  t h e  t e x t .  
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